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For this, it is assumed that the granular material is incompressible ± an assumption that in fact 113 
is not fully valid for planetary regolith. We select an elementary volume of discrete granular 114 
layer which is also called as a µODUJHSDUWLFOH HOHPHQW¶ with thickness h<<H (Fig. 1).  The 115 
/DJUDQJH FRRUGLQDWH ȟ LV HPSOR\HG DV WKH LQLWLDO FRRUGLQDWH RI FHQWUH RI WKH ODUJH SDUWLFOH116 
element (elementary volume of media) as shown in Fig. 1. Hence that the boundary conditions 117 
are: 118 
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where y is the Euler coordinate of centre of large particle element.  120 
It is necessary to find the law of motion of the elementary volume:  121 
),( tfy ??
       (2) 122 
For incompressible media, the area of elementary volume (S) will be constant. Using this 123 
condition together with the geometrical dimensions of the hopper, the following relations are 124 
obtained to develop computational schemes for the subsequent analysis: 125 
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where, 1h  is the WKLFNQHVVRIWKHSDUWLFOHHOHPHQWDWWLPHt)LJDQG 11h , 12h  are defined as 128 
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     Analysis of factors influencing the granular flow using DLA 132 
Two different heights of the container fill (H) is considered in this study, viz., 0.2m (case1-133 
?=0.2) and 0.3m (case2-?=0.3) and various values of flow rate Q. Unless mentioned otherwise, 134 
WKHVL]HRIWKHVOLWµD¶is kept as 0.1m and the hopper angle ? as ?/3 (Fig. 1).  However at later 135 
stages, the analysis has been extended to different combinations of a and ? to understand their 136 
individual roles on the characteristics of granular flow. 137 
At first, the theoretical results were analysed E\WUDFNLQJWKHPRWLRQSRVLWLRQµy¶RIWKHWRSPRVW138 
thin discrete layer (h=0.001 m, Fig. 1) with respect to time as presented in Fig. 2. Tempty, which 139 
is the emptying time (i.e., time required to complete the flow of granular material through the 140 
container. This would correspond to the time when y tends to zero).  Hence, the value of Tempty 141 
can be extracted from Fig. 2 and presented in Fig. 3 as a function of granular flow rate.  From 142 
these results, it is evident that the time required to empty the container (Tempty) decreases for an 143 
increase in the flow rate as one could expect6FKXO]HDQG6FKZHGHV However, From 144 
Fig. 3, it is interesting to note that this decrease in Tempty occurs at a rapidly decreasing rate for 145 
the flow rate up to about 0.003 m2/s, and this trend tends to diminish beyond a flow rate of 146 
0.003 m2/s for both cases of the container with different heights (?=0.2 and 0.3). Hence, in 147 
general, the low gravity effects are more likely to slow down the flow of grains in the selected 148 
dosing funnel (hopper) geometry especially when the processing flow rate is relatively low 149 
(approximately the minimum cut off flow rate is 0.003 m2/s). 150 
The influence of the hopper angle ? (Fig. 1) on the granular flow behaviour is analysed for a 151 
typical value of flow rate 0.003 m2/s. As discussed above, the corresponding time required to 152 
empty the container Tempty is also calculated and presented in Fig. 4. It is evident that the time 153 
 required to empty the containers due to granular flow increases for increase in the hopper angle.  154 
This is qualitatively in agreement with the recent experimental studies though conducted under 155 
the earth gravity (Antony and Albaraki 2014) in which increase in the hopper angle resulted an 156 
increase in the completion time of the granules. This behaviour is more noticeable for the 157 
hopper throat angle between ?/2 and ?/3, as well as more significantly when the height of the 158 
container in relatively high (?=0.3). Hence for designing the dosing container, hopper throat 159 
angle of less than ?/3, where feasible, is desired from the point of view of maintaining good 160 
flowability of the grains from the container, especially when the height of the container is more 161 
than 0.2m (?>0.2).   This could be attributed to the favourable direction of the resultant velocity 162 
of the grains during the flow.  Experimental granular flow studies conducted using Digital 163 
Particle Image Velocimetry (DPIV) under the earth gravitational condition (Antony and 164 
Albaraki 2014) have also shown that, for a smaller hopper angle (e.g. ?/6), the direction of the 165 
resultant velocity of the grains align along the direction of the gravity almost throughout the 166 
hopper and favours a uniform flow. This trend diminished significantly in the case of a higher 167 
hopper angle (e.g. ?/2) and resulted a non-uniform funnel flow (Antony and Albaraki 2014) 168 
with a relatively more time to complete the flow through the hopper.     169 
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IORZLQWKHKRSSHU7KHYHORFLW\RIWKHSDUWLFOHFDQEHHYDOXDWHGDV 171 ? ? ???? ? ? ?? ?????????? ??????? ? ? ?? ?   (7) 172 
)LJVKRZVWKHW\SLFDOYHORFLW\GLVWULEXWLRQRIWKHSDUWLFOHLQVLGHWKHKRSSHU?=0.3, ?=?/3, 173 
a=0.1m). 7KHYHORFLW\LVDWDPD[LPXPDWWKHH[LWRIWKHKRSSHUy GXULQJJUDQXODUIORZLQ174 
DJUHHPHQWZLWKRWKHUVWXGLHV&R[DQG+LOO7KHDERYHSUHVHQWHG'/$DQDO\VLVKHOSV175 
WRHYDOXDWHVRPHXVHIXOIORZFKDUDFWHULVWLFVRIJUDQXODUPHGLDLQDVLPSOHPDQQHU+RZHYHU176 
 IRU VWXG\LQJ PRUH ULJRURXV WKUHHGLPHQVLRQDO IORZ RI JUDLQV XQGHU WKH ORZ JUDYLWDWLRQDO177 
HQYLURQPHQWVWKHIROORZLQJDQDO\VLVLVSUHVHQWHG 178 
      Analysis of the discharge rate of grains under low gravity XVLQJ.LU\D¶VVWUXFWXUDO  179 
       continuum model  180 
Here, the aim is to study on when other conditions are identical between different cases, to 181 
what extent the steady state granular flow rate (?) of frictional grains (inter-particle friction) 182 
varies if the gravitation field of the container is different from that of earth gravity g0 (reference 183 
gravity level).  For selected cases, DEM simulations are reported later for the purpose of 184 
comparisons.  Such an analysis would provide beforehand indications of the variations in the 185 
flow properties when actual experiments are conducted to corresponding conditions in the 186 
parabolic flight campaign in the future. 187 
The theoretical analysis was performed based RQ .LU\D¶V WKUHH-dimensional structural 188 
continuum model and the details can be found elsewhere (Kirya 2009).  As the original 189 
description of this model is in Russian, and for the benefit of the wider audience of this journal, 190 
ZHGHVFULEHWKHNH\GHYHORSPHQWVRI.LU\D¶VPRGHOKHUHIn brief, the flow trajectories of the 191 
grains inside a smooth hopper is divided into different zones A-E (Fig.6a).  In zone A, the 192 
granular medium particles are interconnected and move at a low speed parallel to the walls of 193 
the hopper. In zone B, the particles slide relative to each other, and their trajectories are bent 194 
towards the axis of the hopper. In zone C, the granular particles form movable vaults moving 195 
downward, while the particle velocities increase substantially, and their trajectories approach 196 
vertical lines. In the zone of collapse (mixing) D, connections between particles are destroyed, 197 
while they are in continuous chaotic motion, colliding with each other, and their speed increases 198 
due to gravity. In zone E, the particles are stationary (Kirya 2009).  In the present case, the 199 
objective is to focus on the exit flow rate of the grains from the hopper. Hence the description 200 
of exit flow zone-D bounded by a parabola (Fig. 6b) is considered here. In this zone, the 201 
 granular particles collide with other particles continuously and in a chaotic movement. The 202 
grains are in a free disperse state and their movement can be described by the Navier Stokes 203 
equations for granular materials (Kirya 1999, Kirya 2009). The boundary between the dynamic 204 
arc C, and the exit flow zone D could be represented in the form of a parabola (Fig. 6b) in the 205 
following form (Kirya 2009): 206 ? ? ?? ?? ? ???? ???      (8)                          207 
Where ?? is the height of parabola, which can also be defined as:  208 ?? ? ?? ?????????? ? ?? ?? ? ?? ? ???    (9) 209 ? ? ????      10)                    210 
In which ? is the coefficient of inter-particle friction, ? is the angle of internal friction and a is 211 
the size of the opening (Fig.6b).  212 
The parabola shown in Fig. 6b can be substituted by linear sections.  The equation of the linear 213 
boundary has the following form: 214 
 215 
??
???
? ??
a
x
hy c
2
1
                                                                    (11) 216 
 217 
in which 2/2/ axa ??? .   By using Bernoulli equation to the cross-sections 1-1 and 2-2 for 218 
considered triangle,  we obtain 219 
g
v
g
vpy
g
vpy
222
2
2
2
22
2
2
11
1 ??? ??????
                                                           (12) 220 
where 1y , 2y  are levels of sections 1-1 and 2-2 respectively; 1p , 2p  are normal tensions at the 221 
points of interceptions of sections 1-1 and 2-2 with lateral sides of the triangle; 1v , 2v  are 222 
corresponding velocities of particles at the above said points; g is gravitational acceleration; ?  223 
 is the unit weight of granular material; ?  is Darsy-Weissbakh coefficient of local loss 224 
characterizing the loss of mechanical energy of granular flow by collisions between particles 225 
(Shterenliht, 1984).  By substituting 1y =y, 2y =0, 1p =0, 2p =0, 1v = dv , 2v = ev  in to Eq. (12) 226 
and after transformations, the value of velocity of particles of granular material on the chink 227 
exit from the tank can be written as  228 ?? ? ????????? ? ???                          (13) 229 
Where ?? is the velocity of particles at a point of intersection and can be expressed as 230 ?? ? ??????       (14) 231 ?? ? ? ??? ? ? ??? ? ??? ?               (15) 232 
Substituting Eqs.(14) and (15) into Eq.(13) results as: 233 ?? ? ???????? ?? ? ??? ?    (16) 234 
The volume expenditure of granular material per unit length through the chink is defined as: 235 
?
?
?
2/
2/
a
a
edxvQ                                                                             (17)    236 
? ? ???? ?? ?? ????? ??? ??????? ?? ? ??????? ?? ?  (18) 237 
  where, 238 
                                                ?? ? ?? ?? ? ?? ? ???    (19) 239 ?? ? ? ? ?? ??? ? ??    (20) 240 
The coefficient of loss, ? at the movement of granular material in the zone of flow out can then 241 
be defined as 242 
3
22
2
a
hdK c?? ?                                                                        (21) 243 
 where K2 is unit dimensionless coefficient dependent on the conditions of flow out from the 244 
tank (?1); ?  is the diameter of the particle (average size in the analysis); a is width of the exit 245 
flow channel in zone D; and ț (=10) is the kinetic coefficient which characterizes the loss of 246 
mechanical energy flow by collisions between particles (Kirya 2009).  The size of the opening 247 
a is kept as 10mm (Fig.6b) for the analysis.   Furthermore, from Eqs.(9) and (19) it follows that 248 
ch = 1K a/2.  Hence Eq.(21) can be written more generally as: 249 
                     2
22
21 2a
dKK ?? ?                                                                         (22) 250 
 251 
8VLQJ(TWKHHIIHFWVRIIULFWLRQFRHIILFLHQWRQWKHIORZSURSHUWLHV1HGGHUPDQRI252 
JUDLQVXQLIRUPJUDLQVL]HPDUHVWXGLHGKHUHXQGHUDUDQJHRIJUDYLW\OHYHOV7KHIULFWLRQ253 
FRHIILFLHQWZDVYDULHGIURP±DQGJUDYLW\IURP±RIHDUWKJUDYLW\DQGWKHUHVXOWV254 
DUHSUHVHQWHGLQ)LJ,QWKLVWKHIORZUDWH4XQGHUDJLYHQJUDYLW\OHYHOJLVQRUPDOLVHG255 
ZLWKUHVSHFW WR WKDWRIHDUWKJUDYLW\FRQGLWLRQ (?0, g0) 7KHUHVXOWVVKRZWKDW WKHIORZUDWH256 
LQFUHDVHVZLWKWKHJUDYLW\6XQDQG6DQNDUDQ+RZHYHUWKLVLQFUHDVHLVPRUHGRPLQDQW257 
LQWKHFDVHRIORZIULFWLRQDOPDWHULDOV?DQGXQGHUUHODWLYHO\KLJKJUDYLW\J!g0)RU258 
SDUWLFOHV ZLWK IULFWLRQ FRHIILFLHQW JUHDWHU WKHQ  LQWHUSDUWLFOH IULFWLRQ GRHV QRW KDYH D259 
GRPLQDQWHIIHFWRQWKHJUDQXODUIORZUDWHXQGHUWKHORZJUDYLW\HQYLURQPHQWVJJ 260 
 261 
      DEM modelling of gravity effects on flow rate (Q) of the grains   262 
The objective of this section is to evaluate the macroscopic flow rate Q of the sandstone grains 263 
passing through a typical spacecraft flow channel of the grain-processing station using DEM 264 
simulations.  The results are also compared with corresponding continuum analysis using the 265 
.LU\D¶Vcontinuum model as described in the previous section.   '(0PRGHOVWKHLQWHUDFWLRQ266 
EHWZHHQ LQGLYLGXDO JUDLQV DV D G\QDPLF SURFHVV DQG WKH WLPH DGYDQFHPHQW LV EDVHG RQ267 
1HZWRQ¶VODZRIPRWLRQDQGXVLQJDQH[SOLFLWILQLWHGLIIHUHQFHVFKHPH&XQGDOODQG6WUDFN268 
 )RUPRUHGHWDLOVRIWKH'(0VLPXODWLRQPHWKRGRORJ\IRUORZJUDYLW\OHYHOVWKHUHDGHUV269 
FRXOG UHIHU WR WKH ZRUN RI 1DNDVKLPD HW DO  WKRXJK WKHLU ZRUN SHUWDLQV WR WZR270 
GLPHQVLRQDO FRQGLWLRQV IRU VWXG\LQJ WKH DQJOH RI UHSRVH RI JUDQXODU PDWHULDOV SRVWIORZLQJ271 
WKURXJK KRSSHU XQGHU ORZ JUDYLW\ FRQGLWLRQV +RZHYHU LQ WKH SUHVHQW SDSHU WKH '(0272 
VLPXODWLRQV DUH SUHVHQWHG IRU WKUHHGLPHQVLRQDO FRQGLWLRQV The dimensions of the three 273 
dimensional flow channel (hopper) are presented in Fig.8.  Discrete spherical particles (normal 274 
size distribution with an average size of 100?m, and the ratio of maximum to minimum size of 275 
the grains=1.6) were initially created in a random static packing inside the hopper assembly 276 
with typical material properties of sandstone grains and hopper (Table 1). After generating the 277 
initial random assembly of the grains inside the hopper geometry to the required initial porosity, 278 
they were allowed to flow through by opening the throat of the hopper. 279 
 280 
)LJVKRZVWKHWLPHUHTXLUHGWRHPSW\WKHVDQGVWRQHJUDLQVIURPWKHKRSSHUXQGHUGLIIHUHQW281 
JUDYLW\OHYHOV7KLVSUHVHQWVRQWKHVWURQJLQIOXHQFHRIJUDYLW\SOD\VRQWKHIORZFKDUDFWHULVWLFV282 
RIWKHJUDLQVLHDWWKHORZJUDYLW\OHYHOVDERXWJJWKHIORZRIWKHJUDLQVLVVLJQLILFDQWO\283 
VORZ ZKHQ FRPSDUHG ZLWK WKDW RI HDUWK JUDYLW\ 7KH HPSW\LQJ WLPH WHQGV WR EH LQYHUVHO\284 
SURSRUWLRQDO WR WKH OHYHO RI JUDYLW\ 6LPLODU JHQHULF WUHQGV DUH DOVR UHSRUWHG HDUOLHU LQ WKH285 
H[SHULPHQWDOLQYHVWLJDWLRQXVLQJJUDLQVSDVVLQJWKURXJKWKHKRXUJODVV/H3HQQHFHWDO286 
+RIPHLVWHUHWDO 287 
 288 
7R XQGHUVWDQG RQ WKH H[WHQW WR ZKLFK WKH '(0 VLPXODWLRQ UHVXOWV DJUHH ZLWK FRQWLQXXP289 
DQDO\VLVXQGHUGLIIHUHQWJUDYLW\OHYHOV.LU\D¶VPRGHODVGHVFULEHGLQWKHSUHYLRXVVHFWLRQLV290 
XVHG IRU WKH JHRPHWULFDO FRQGLWLRQV DQG PDWHULDO SURSHUWLHV XVHG LQ WKH SUHVHQW '(0291 
VLPXODWLRQV7KHDYHUDJHIORZUDWHREWDLQHGIURPWKH'(0VLPXODWLRQVLVFRPSDUHGZLWKWKH292 
IORZUDWHREWDLQHGIURPWKH.LU\D¶VPRGHOLQ)LJ,QWHUHVWLQJO\DJRRGOHYHORIDJUHHPHQW293 
 LVREWDLQHGEHWZHHQWKHVHUHVXOWVEDVHGRQWKHWZRGLIIHUHQWDSSURDFKHVHVSHFLDOO\ZKHQJJ294 
7KLVKHOSVWRDVVHVVWKHEXONIORZUDWHRIJUDLQVWKURXJKWKHKRSSHUIORZGHYLFHVXQGHU ORZ295 
JUDYLW\PRUHHDVLO\XVLQJWKH.LU\D¶VPRGHODV'(0VLPXODWLRQVDUHFRPSXWDWLRQDOO\PRUH296 
H[SHQVLYH &XQGDOO DQG 6WUDFN   +RZHYHU '(0 VLPXODWLRQ GDWD FRXOG JLYH PRUH297 
LQIRUPDWLRQRQWKHLQWHUQDODQGGLVFUHWHEHKDYLRXURIWKHJUDLQVLQVLGHWKHIORZGHYLFHVZKLFK298 
LVRXWVLGHWKHVFRSHRIWKHFXUUHQWZRUN 299 
 300 
7KH IORZ FKDUDFWHULVWLFV RI VDQGVWRQH XVLQJ '(0 LV FRPSDUHG TXDOLWDWLYHO\ ZLWK WKH301 
REVHUYDWLRQVPDGHIURPDSDUDEROLFIOLJKWWHVW7KRPVRQDQGSUHVHQWHGLQ)LJ)RU302 
WKLVDSUHSDUDWRU\H[SHULPHQWLQYROYHGVWXG\LQJWKHPDVVIORZRIJUDLQVWKURXJKWKHKRSSHU303 
DQGWKHQWRLQFUHDVHWKHJUDYLW\OHYHOUDSLGO\WRJRWRFRPSOHWHO\HYDFXDWHWKHJUDLQVTXLFNO\304 
ZLWKRXWDQ\SDUWLFOHVVWLFNLQJWRWKHZDOOVXUIDFHVWRDYRLGSRWHQWLDOFRQWDPLQDWLRQV,QWKLV305 
FDVH IORZ RI WKH VDQGVWRQH PDWHULDO WKURXJK WKH IXQQHO JHRPHWU\ ZDV REVHUYHG DQG D306 
VLJQLILFDQWOHYHORIEORFNDJHRIWKHJUDLQVRFFXUUHGLQWKHIXQQHOXQGHUWKHOXQDUJUDYLW\OHYHO307 
7KLV ZDV DOVR TXDQWLILHG XVLQJ FRUUHVSRQGLQJ '(0 VLPXODWLRQV DV GHVFULEHG HDUOLHU7KH308 
FRQWDLQPHQWRIWKHSDUWLFOHVLQWKHIXQQHOZDVREVHUYHG)LJ)XUWKHUWHVWVZHUHFDUULHGRXW309 
E\ VLPXODWLQJ D J JUDYLW\ HQYLURQPHQW ZLWK WKH UHPDLQLQJ VWXFN LQ WKH KRSSHU$OVR WKH310 
JUDYLW\HQYLURQPHQWRIWKHH[SHULPHQWZDVVXGGHQO\LQFUHDVHGWRJOHYHOZKLFKFRPSOHWHO\311 
HMHFWHGWKHEORFNHGJUDLQVDQGWKLVDJUHHGZLWKWKH'(0VLPXODWLRQUHVXOWVDVZHOO7KHWRWDO312 
PDVVRIJUDLQVHMHFWHGIURPWKHIXQQHOLQFUHDVHGGUDVWLFDOO\XQGHUWKHJRJUDYLW\HQYLURQPHQW313 
DQGZLWKLQDVKRUWVLPXODWLRQWLPHVWHSVDOOWKHSDUWLFOHVZHUHGLVFKDUJHGRXWRIWKHKRSSHU314 
)LJ+RZHYHUIXUWKHUH[SHULPHQWDOVWXGLHVDUHUHTXLUHGWRPDNHGHWDLOHGPHDVXUHPHQWV315 
DQGWKHLUTXDQWLWDWLYHFRPSDULVRQVZLWKWKHUHVXOWVEDVHGRQWKH'(0DQGWKHRUHWLFDODQDO\VLV316 
DOWKRXJKFUHDWLQJDORQJGXUDWLRQORZJUDYLWDWLRQDOHQYLURQPHQWDOIRUH[SHULPHQWDOWHVWLQJLVD317 
VWLIIFKDOOHQJH\HW 318 
  319 
&21&/86,216 320 
%RWKFRQWLQXXPDQGGLVFUHWHDSSURDFKHVKDYHEHHQXVHGLQWKLVVWXG\WRXQGHUVWDQGWKHIORZ321 
FKDUDFWHULVWLFV RI JUDQXODU PDWHULDOV WKURXJK IORZ JHRPHWULHV XQGHU GLIIHUHQW JUDYLWDWLRQDO322 
HQYLURQPHQWV7KRXJKWKH'/$DSSURDFKLVWKHPRVWVLPSOHVWRIDOOLWKHOSVWRHYDOXDWHWKH323 
G\QDPLF QDWXUH RI WKH JUDLQV VXFK DV WKH FRPSOHWLRQ WLPH RI WKH IORZ XQGHU GLIIHUHQW324 
JUDYLWDWLRQDO FRQGLWLRQV )XUWKHUPRUH WKH UHVXOWV RQ WKH EXON IORZ SURSHUWLHV XQGHU ORZ325 
JUDYLWDWLRQDOOHYHOVRIWKHJUDLQVEDVHGRQWKH.LU\D¶VDSSURDFKDJUHHGZHOOZLWKWKDWRIWKH326 
'(0VLPXODWLRQV$VLPSOHFRQWLQXXPDSSURDFKVXFKDV.LU\D¶VPRGHOFRXOGKHOSWRHVWLPDWH327 
WKHWKUHHGLPHQVLRQDOIORZEHKDYLRXURIIULFWLRQDOJUDLQVPRUHTXLFNO\XQOLNHLQWKHFDVHRI328 
'(0 VLPXODWLRQV ZKLFK LQYROYH D VLJQLILFDQWO\ KLJK DPRXQW RI FRPSXWDWLRQDO WLPH DQG329 
UHVRXUFHVHVSHFLDOO\IRUVWXG\LQJWKHORZJUDYLWDWLRQDOEHKDYLRXURIJUDQXODUPDWHULDOVThe 330 
present analysis helps to estimate the granular flow measures at different gravity levels 331 
including low gravity.   The approaches outlined here could help to minimise using parabolic 332 
flight campaigns (which are more expensive with respect to manpower, flight costs and 333 
managing the risks) for evaluating the flow properties of cohesionless and frictional grains.  334 
)XUWKHUGHWDLOHGVWXGLHVDUHUHTXLUHGDQGXQGHUZD\WRXQGHUVWDQGRQWKHLQWHUQDOPHFKDQLFV335 
SK\VLFVDQGEXONG\QDPLFIORZFKDUDFWHULVWLFVRIPRUHUHDOLVWLFJUDQXODUVLPXODQWVDQGVXLWDEOH336 
PHFKDQLVPVWRHQKDQFHJUDQXODUIORZXQGHUWKHORZJUDYLWDWLRQDOHQYLURQPHQWV 337 
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 Table 1. Material properties used in the DEM simulations 421 
wall normal stiffness = 1e8 N/m            wall shear stiffness = 1e8 N/m  
 grain normal stiffness = 1e8 N/m           grain shear stiffness = 1e8 N/m  
grain contact normal strength= 1e8 Pa           grain contact shear strength= 1e8 Pa 
grain contact friction coefficient = 0.6 
wall friction coefficient = 0.6 
          initial porosity  = 0.36 
          grain density = 2900 kg/m3 
 422 
   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Schematic diagram of a typical discrete layer of grains used in DLA  
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Fig. 2: Location of the top most discrete layer (y in Fig.1) with time (t) under different flow 
rates Q (m2/s) (case-1: H=0.2m, case-2: H=0.3m) 
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Fig. 3: Variation of the time to empty the hopper with the granular flow rate (Q)   
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        Fig. 4: Time to empty the particles from the hopper in relation to the hopper angle (?)   
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Fig. 5: Variation of the normal velocity of the particles with x (? ? ???) 
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(a)                                                               (b)  
Fig. 6: (a) Zones of flow of the granular particles inside a hopper (Kirya, 2009) (b) expanded 
diagram of Zone D 
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Fig. 7: Effects of friction coefficient and gravity on the granular flow rate using Kiryas 
structural model 
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   (b) 
Fig. 8: (a) Dimensions of the granular flow container scaled to slit opening width lx4 =ly4 = 10 
mm. lx1 = ly1 = 35mm; lx2 = ly2 = 22mm; lx3 = ly3 = 10mm; lx4 = ly4 = 10mm; lz1 = 18mm; 
lz2 = 4mm; lz3 = 4mm. (b) a typical snap shot of the flow of sandstone grains from the DEM 
simulation. 
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  Fig. 9:  Variation of the emptying time of the grains with gravity 
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Fig. 10: Comparison of the flow rate (Q) of the sandstone grains obtained from DEM 
simulations and Kiryas continuum model under different gravity levels (g)    
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Fig. 11: Mass of sandstone grains exited from the flow chamber under the lunar gravity (1/6th
of g0) and 2g0 gravity levels 
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FIGURE CAPTIONS 
Fig. 1: Schematic diagram of a typical discrete layer of grains used in DLA  
Fig. 2: Location of the top most discrete layer (y in Fig.1) with time (t) under different flow 
rates Q (m2/s) (case-1: H=0.2m, case-2: H=0.3m) 
Fig. 3: Variation of the time to empty the hopper with the granular flow rate (Q)   
Fig. 4: Time to empty the particles from the hopper in relation to the hopper angle (Į)   
Fig. 5: Variation of the normal velocity of the particles with x (? ? ??? 
Fig. 6: (a) Zones of flow of the granular particles inside a hopper (Kirya, 2009) (b) expanded 
diagram of Zone D 
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Fig. 8: (a) Dimensions of the granular flow container scaled to slit opening width lx4 =ly4 = 10 
mm. lx1 = ly1 = 35mm; lx2 = ly2 = 22mm; lx3 = ly3 = 10mm; lx4 = ly4 = 10mm; lz1 = 18mm; 
lz2 = 4mm; lz3 = 4mm. (b) a typical snap shot of the flow of sandstone grains from the DEM 
simulation. 
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